Regular physical activity is recommended for the prevention and management of type 2 diabetes owing to its beneficial effects on weight control, glucose metabolism, and lipid profiles ([@R5],[@R18],[@R20]). However, people with type 2 diabetes tend to have low levels of activity, with few achieving the recommended 30-min moderate-to-vigorous activity (MVPA) per day ([@R6],[@R19]). In addition, lifestyle interventions to increase physical activity often have weak effects, with most people failing to achieve increases in MVPA sufficient to confer health benefits ([@R2]). Recently, increasing emphasis has been placed on the role sedentary time may play in the etiology of diabetes development ([@R11],[@R26]). Substantial cross-sectional and longitudinal evidence exists to support the association between sedentary time, impaired metabolic health, diabetes, and mortality, associations which occur independently of time spent in MVPA ([@R6],[@R9],[@R14],[@R21],[@R26]). Furthermore, there is evidence to suggest that the pattern in which sedentary time is accumulated may be important, with interruptions in sedentary time being beneficial for health ([@R6],[@R7]) and prolonged bouts of unbroken sedentary time being particularly detrimental ([@R15]). However, the duration and frequency of bouts of continuous sedentary time in people with diabetes is not known.

During waking hours, individuals participate in a range of activities varying in intensity between sedentary (defined as "any waking behavior characterized by an energy expenditure of less than or equal to 1.5 metabolic equivalents while in a sitting or reclining posture" \[[@R25]\]) and those which are more vigorous in nature ([@R23]). Total time in a day is finite, and therefore these activities are interdependent; an increase in time spent in one activity displaces time spent in another activity. The benefit of a particular intensity of activity will be dependent not only on the type of activity it is (sedentary, light, or MVPA) but also on the activity intensity it displaces. Few studies to date have considered this interdependency, instead using statistical adjustment to either present the effects of the activity intensities in isolation or estimates of the independent associations of the different activity intensities in turn.

Isotemporal substitution methods, originally developed in nutritional epidemiology, take into account the finite nature of time and the interrelationships between activities, thus giving estimations of the effect of substitution of one activity type for another ([@R23],[@R24]). For example, these models allow you to examine the potential impact of reallocating 30 min of sedentary time with 30 min of MVPA while keeping total time constant. Although these substitutions are often cross-sectional and therefore causality cannot be assumed, the interpretation is more readily interpretable to public health compared to a standard regression model. These methods have previously been applied to data from both the Whitehall II and National Health and Nutrition Survey (NHANES) cohorts to show the beneficial health effects of replacing prolonged sedentary time with MVPA or LPA ([@R4],[@R12]). The health-enhancing effects of activities depend on the type of activity performed, the type of activity displaced, and the population of interest. Adults with type 2 diabetes commonly spend a large portion of their day sedentary ([@R6],[@R9]), some of which is likely accumulated in prolonged bouts, considered to be more detrimental to health. The aims of this study were therefore to use isotemporal methods to examine the substitution effects of the different activity intensity types on metabolic health by artificially displacing a fixed duration of one activity intensity with a fixed duration of another. This type of analysis will allow understanding of the potential health benefits of reallocating sedentary time to alternative, more intense activities in a population with type 2 diabetes. Interventions to date have had limited success in increasing MVPA in people with type 2 diabetes; and therefore, it is important to consider whether there is a potential benefit of replacing sedentary time with light-intensity activity.

METHODS
=======

This paper presents a cross-sectional secondary data analysis from baseline data collected as part of the Early Activity in Diabetes (Early Actid) study, a randomized controlled trial of physical activity and diet in the early management of type 2 diabetes. This study has been described in detail previously ([@R1]). Briefly, participants with newly diagnosed type 2 diabetes were recruited through primary care in the South West of England. Eligible participants had been diagnosed with type 2 diabetes in the previous 6 months and were age 30--80 yr at diagnosis. Participants were excluded based on uncontrolled diabetes (HbA1c \>10% \[85.8 mmol·mol^−1^\]), blood pressure \>180/100 mm Hg, LDL-cholesterol \>4 mmol·L^−1^, and body mass index (BMI) \<25 kg·m^−2^ or body weight \>180 kg. Telephone screening was performed on 1634 participants, of whom 712 were eligible for face-to-face screening and 593 were enrolled in the study. All participants provided written informed consent before participation, and ethical approval was obtained from the Bath Hospital Research Ethics Committee (05/Q2001/5). This study is registered (number ISRCTN92162869).

### Physical activity and sedentary time

Participants wore a uniaxial accelerometer (Actigraph GT1M; Actigraph LLC, Pensacola, FL, USA) set to record data every minute on a waist-worn belt for 7 d during waking hours except when swimming or bathing. Accelerometer data were downloaded using Actilife software (version 1.0.52, Actigraph LLC) and were processed using Kinesoft (version 3.3.62; Kinesoft, Saskatoon, Saskatchewan, Canada) to generate outcome variables (mean daily minutes of LPA, MVPA, total sedentary time, long-bout sedentary time, and short-bout sedentary time). Long-bout sedentary time was defined as sedentary time accumulated in bouts of 30 consecutive minutes or longer, whereas short-bout sedentary time was calculated as sedentary time accumulated in bouts of less than 30 min. From these data, we calculated the average daily minutes in short and long sedentary bouts, LPA, and MVPA. For isotemporal analysis, data are expressed in units of 30 min·d^−1^.

For comparison with other studies, thresholds of 1952 counts or more per minute (cpm) for MVPA, 100 or more and less than 1952 for LPA and less than 100 cpm for sedentary time were used to compute the average number of minutes spent in each behavior ([@R15],[@R16]). The activity cut points applied were developed and validated in a healthy adult population to reflect intensities of activity, which equate to light (\<3 metabolic equivalents \[METs\]), moderate (3--5.99 METs), and vigorous (6.0--8.99 METs) intensity ([@R10]). A cut point of less than 100 cpm was selected to classify sedentary time, as this has previously been shown to include activities such as sitting or working quietly ([@R15]). Nonwear time was defined as a period of 60 min or longer with continuous zero values, and days with at least 10 h of measurement were considered valid. For inclusion in the analyses, the participants were required to record at least three valid days of accelerometer data ([@R6]).

### Metabolic, anthropometric, and demographic outcomes

Body weight and height were measured to the nearest 0.1 kg and 0.5 cm, respectively, with participants wearing light indoor clothing and without shoes. Body mass index (BMI) was calculated as weight divided by height in meters squared (kg·m^−2^). Waist circumference was measured at the midpoint between the lowest rib and the anterior iliac. Blood pressure was measured in a seated position using an automated blood pressure monitor (Omron, Healthcare, Henfield, UK). Venous blood samples were obtained after an overnight fast for the measurement of HDL-cholesterol, triglycerides (TG), glucose and insulin levels, and homeostatic model assessment of insulin resistance (HOMA-IR) was calculated using the HOMA-2 computer model ([@R22]). All metabolic and anthropometric measurements were performed after a fast, during a morning visit to the clinic.

Social deprivation was measured using the Index of Multiple Deprivation (IMD) score, a measure of local area deprivation based on residents' postcode. Information on ethnicity and medication use was obtained by the research nurse.

### Statistical analysis

Descriptive characteristics are presented as mean and standard deviation (SD) unless otherwise stated. Data were checked for normality using visual inspection of histograms.

Standard linear regression analyses were used to explore cross-sectional associations between long-bout sedentary time (≥30 min continuous sedentary time) and short-bout sedentary time, LPA, and MVPA with markers of metabolic health. Unstandardized regression coefficients are presented. No significant interactions by sex were present, and therefore results from pooled analysis are presented.

The isotemporal substitution regression approach is described in detail by Mekary et al. ([@R23]). First, each intensity of physical activity was fitted in isolation into a single model to give an estimation of the total association for each activity. Then, isotemporal substitution models were fitted for metabolic markers, which had demonstrated an association with activity in the single-activity models. A model is fitted, which includes all activity intensities and a variable for total time. By eliminating one activity component from the model (e.g., long-bout sedentary time) at a time, the coefficient can be interpreted as the effect of substituting a specific duration of activity per day in a specific intensity with the same duration of another intensity. By holding total time constant and expressing the behaviors as a function of 30-min time periods, the models estimate the effect of reallocating 30 min·d^−1^ in a less intense activity (e.g., sedentary time) with 30 min·d^−1^ in a more intense activity (e.g., MVPA) on metabolic markers. In this study, these models fit artificial cross-sectional associations and do not estimate causal associations of individuals replacing time at one intensity with another, instead of providing estimates of the mean shift in the outcome that would be observed cross-sectionally when time spent in an active behavior is artificially increased. All regression models were adjusted for age, sex, deprivation score, ethnicity, accelerometer wear-time, BMI (where appropriate), and relevant lipid, blood pressure, or diabetes-lowering medication (dichotomized as medication yes/no). All analyses were conducted using STATA 13 (StataCorp, College Station, TX).

RESULTS
=======

A total of 593 participants were randomized to the Early-ACTID study. Of these, 519 (88%) fulfilled the accelerometer inclusion criteria and were included in the current analyses.

The baseline demographic, metabolic, and physical activity characteristics of the participants are shown in Table [1](#T1){ref-type="table"} (*n* = 519). On average, the participants spent 25.4 ± 18.9 min of the day in MVPA and 272.5 ± 75.4 min in LPA. Sedentary time accounted for 65% of the day, of which 46% was accrued in bouts longer than 30 min in length.

###### 

Demographic, metabolic, and physical activity characteristics of participants (*n* = 519).

![](mss-47-2070-g001)

The results of the regression analyses for long-bout sedentary time, short-bout sedentary time, LPA, and MVPA are displayed in Table [2](#T2){ref-type="table"}. After adjustment for confounders, long-bout sedentary time was associated with a higher BMI (adjusted β, 0.41; 95% confidence interval \[CI\], 0.26, 0.56), higher waist circumference (adjusted β, 1.03; 95% CI, 0.69, 1.37), and a lower HDL-cholesterol (adjusted β, −0.02; 95% CI, −0.03, −0.01). No associations with other biomarkers were observed. Short-bout sedentary time, LPA, and MVPA were all associated with a lower BMI with the strongest effect seen for MVPA (adjusted β, −2.15; 95% CI, −2.87, −1.44). Associations were also seen between short-bout sedentary time, LPA, and MVPA and a lower waist circumference. There were suggestions of an association between LPA and HDL-cholesterol (adjusted β, 0.21; 95% CI, 0.01, 0.03). No other associations between LPA, MVPA, and metabolic markers were observed.

###### 

Associations of each 30 min·d^−1^ of long sedentary bouts (≥30 min in length), short-bout sedentary time, light-intensity activity, and MVPA with cardiometabolic biomarkers in adults with newly diagnosed type 2 diabetes (*n* = 519).
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The results of the isotemporal substitution analyses are displayed in Table [3](#T3){ref-type="table"}. Results are shown for BMI, waist circumference, and HDL-cholesterol, as these biomarkers were associated with the activity spectrum in simple regression analyses. In cross-sectional analyses, reallocating 30 min·d^−1^ in long bouts of sedentary time to 30 min of short bout of sedentary time, LPA, or MVPA was associated with a lower BMI and waist circumference. The associations were stronger than those seen in the single-activity models. Reallocation of 30 min of long-bout sedentary time with 30 min of short-bout sedentary time was associated with a lower BMI (adjusted β, −0.60; 95% CI, −1.00, −0.21) and waist circumference (adjusted β, −1.16; 95% CI, −2.08, −0.25). Reallocating 30 min of long-bout sedentary time with LPA was also associated with a higher HDL-cholesterol (adjusted β, 0.02; 95% CI, 0.01, 0.03). Reallocating 30 min of short-bout sedentary time and LPA with 30 min of MVPA were associated with a lower BMI and waist circumference.

###### 

Estimated impact of reallocating 30 min·d^−1^ of less active behaviors for 30 min·d^−1^ of more active behaviors in adults with newly diagnosed type 2 diabetes (*n* = 519).
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DISCUSSION
==========

The results of this study demonstrate that adults with newly diagnosed type 2 diabetes spend 65% of the day sedentary, of which 46% of sedentary time is accumulated in prolonged bouts of more than 30 min. Moderate-to-vigorous physical activity accounted for less than 4% of the waking day. Time spent in long-bout sedentary time (≥30 min) was shown to be detrimentally associated with BMI and waist circumference (WC), whereas short-bout sedentary time, LPA, and MVPA had health-enhancing effects. The greatest effects were shown for MVPA. Light-intensity physical activity was shown to be beneficial for HDL-cholesterol.

Cross-sectional isotemporal substitution analysis suggested that reallocation of 30 min of long-bout sedentary time with 30 min of short-bout sedentary time, LPA, or MVPA could have a beneficial effect on BMI and WC. The strongest associations were shown for MVPA; however, isotemporal regression suggests that reallocation of just 30-min·d^−1^ long-bout sedentary time with 30 min of short-bout sedentary time, achieved through frequent breaks, may have a favorable inverse relationship with BMI and WC. This finding, although surprising, is in agreement with previous research, which found breaks in sedentary time to be beneficially associated with metabolic risk, independently of total time sedentary and MVPA ([@R15]). From a public health perspective, this is an important message to people who perhaps struggle to increase levels of MVPA but would be able to break up prolonged periods of sitting with standing or light walking. Furthermore, replacing 30 min long-bout sedentary time with LPA was associated with a lower HDL-cholesterol, an effect that was not observed for MVPA.

Previous research using these methods in a sample of healthy older adults from the Whitehall II study has shown that replacing 10 min of sedentary time with the equivalent amount of MVPA was associated with favorable effects on markers of metabolic health such as HbA1~C~ and BMI ([@R12]). A further study in the National Health and Nutrition Survey (NHANES) cohort demonstrated that reallocation of sedentary time to sleep, LPA, or MVPA was associated with improved health outcomes including reduced WC and improved TG ([@R4]). The strongest effects were with MVPA, suggesting that MVPA may be the most potent health-enhancing activity ([@R4]). In contrast to this, we did not observe any associations between LPA, MVPA, and TG, HOMA, LDL, or fasting plasma glucose. One potential explanation for the lack of effect observed for metabolic markers in the present study is that the previous research has been conducted on healthy populations free from diabetes and with normal cardiovascular risk profiles ([@R4],[@R12]). In comparison, participants in the current study were more obese and had poorer metabolic risk profiles. Furthermore, the levels of physical activity observed in the current study were very low, and it may be that the apparent lack of effect of MVPA demonstrated may be a reflection of the low levels of MVPA exhibited by participants.

The beneficial effects of LPA have previously been demonstrated in an older population with improvements in health-related quality of life observed after reallocation of sedentary time with LPA ([@R3]). These results suggest that for some populations such as older people and people with type 2 diabetes, LPA might be sufficiently intense, if displacing prolonged sedentary time, to see health benefits. This supports experimental evidence obtained in a sample of healthy adults, which suggested displacement of sitting time with regular light-intensity exercise had a greater positive effect on insulin level and plasma lipids than a single 1-h bout of more intense physical activity ([@R8]). The mechanisms by which sedentary behavior exerts its detrimental effect on metabolic health are still disputed, but possibilities include changes in lipoprotein lipase (LPL) activity, reduced fatty acid clearance, and a loss of adenosine monophosphate activate protein kinase (AMPK) activity ([@R8],[@R13]) as a result of reduced muscle activity. Although further experimental work is needed to fully understand the mechanisms involved, findings from the current study that breaking up prolonged sedentary time with frequent breaks and LPA is sufficient to confer metabolic benefits would support the mechanisms suggested.

This study has several strengths. The sample includes a relatively large number of adults with newly diagnosed type 2 diabetes with a large range of outcome measures including objectively measured physical activity and time spent in sedentary behavior. However, objective measurement techniques such as accelerometers are still prone to measurement error, especially in the measurement of sedentary behaviors. Waist-worn accelerometers are limited by their inability to detect differences between sitting and standing; and therefore, the measurement of sedentary time and specifically sedentary bout time may be overestimated in this sample. Furthermore, there is some discrepancy in the literature about the accelerometer thresholds used to define sedentary time ([@R6],[@R12]) and the data reduction techniques used to discard continuous periods of zero values, generally interpreted as time when the accelerometer has been removed. Sedentary behavior refers to low-intensity activities and rest; therefore, zero counts on the accelerometer could in fact be a "real" value. Decisions about the data reduction techniques are therefore particularly important when considering sedentary bout time to ensure that continuous zero counts discarded are in fact nonwear time and not continuous sedentary time.

This study is also limited by its cross-sectional design and inability to infer causality. For the single-activity models in particular, there is a risk of reverse causality between BMI and activity behaviors. The cross-sectional isotemporal substitution methods control for total time in the models. However, the substitution that is performed is an artificial replacement of one activity type with another; and therefore, the results should be interpreted accordingly. We did not record time asleep, another discretionary behavior. However, we assume that the accelerometer is only worn during waking hours, and continuous periods of zero counts are removed from the analysis; and therefore, this is unlikely to affect the current study. In addition, we did not include measures of dietary intake in the models. Sedentary behavior may mediate some of its effect on body composition through dietary intake. There is some suggestion that sedentary behavior is associated with increased consumption of high-fat, energy-dense foods ([@R17]). The measure of social deprivation provides a measure of multiple deprivation experienced by people living within an area; therefore, it is a population level measure and may have limitations when applied at the individual level.

In conclusion, this study demonstrates an association between long-bout sedentary time and markers of metabolic health. Participants spent more than 9 h of the waking day sedentary, and there is accumulating evidence from this study and others ([@R6],[@R15]) that time spent in prolonged sedentary behaviors is particularly harmful. In the present study, artificial reallocation of long-bout sedentary time to either short-bout sedentary time, LPA, or MVPA was associated with improvements in BMI and WC. Stronger associations were seen with MVPA, but these results estimate displacement of long-bout sedentary time with frequently interrupted short-bout sedentary time could be sufficient for beneficial associations with BMI and WC in this population. Therefore, messages aimed at replacing long sedentary bouts with LPA or short-bout sedentary time through frequent breaks may be an alternative public health message for improving health in people with type 2 diabetes. Further work using prospective and experimental study designs is needed to identify the frequency and duration of breaks in sedentary time required for benefits to be seen.
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